radial vaneless diffuser. The model assumes that the radial and tangential boundary layer profiles can n exponent in tangential velocity profile be approximated by power law profiles. Then, using the .. integrated radial and tangential momentum and continup pressure In the present paper, a three-dimensional axisymr radial direction metric calculation p -ocedure for turbulent flows in a radial vaneless diffuser is presented. The method is R reference condition a noniterative integral method and is therefore much faster than finite difference methods. The primary s streamwise direction assumption made is that both the axial and tangential boundary layer velocity profiles can be described by w wall power laws; however, the exponents in these power laws are allowed to vary with radius as prescribed by the y direction normal to the wall equations of motion. Compressibility is accounted for in the radial direction but not in the direction normal 0 tangential direction to the end-walls. Turbulent flow is assumed everywhere using the semi-empirical Ludwieg- The following assumptions are made for this analythe end-wall boundary layers and the diffuser length, sis: the flow may become fully developed (i.e., the end-wall
(1) The flow is steady and turbulent everywhere. boundary layers may merge in the center of the channel) (2) The fluid is a perfect gas. or may separate off one of the walls. One of the ear-(3) The flow is axisymmetric. liest attempts to calculate this flowfield was due to (4) The end-walls of the vaneless diffuser are Stanitz (1).
Other investigators have used a similar adiabatic. approach to calculate the frictional losses in the (5) There is no density variation in the direction vaneless diffuser (2,3). In Stanitz' model, the flow normal to the vaneless diffuser end-walls although the is assumed to be on-imensional with the losses density is allowed to vary in the radial direction, accounted for by using a shear force term proportional i.e., p =p(r). to an assigned friction factor in the radial and tan-(6) The vaneless diffuser geometry and flow are gential momentum equations. This approach has several symmetric about the diffuser centerline.
(7) The boundary layer velocity profiles in the (4); i.e., the normal velocthe problem reduces to that of determining the free ity at the edge of the boundary layer, vye. This can stream velocity components vre and vee; the be modelled using Head's entrainment relation which boundary layer thickness, a; the boundary layer profile emrclledicts tra e t which ,"r..-expnens, andn; nd he reestrem termdynmic empirically predicts the rate at which fluid from the exponents, m and n; and the free stream thermodynamic free stream is entrained into the boundary layer. (27) A complete derivation of the final form of the continuity equation is described in the Appendix. The When the tangential momentum equation is integrated radial and tangential momentum equations are derived across the diffuser half-width, the following equation similarly, results
Fully Developed Flow dn n dm + (m + n)(1 + m + n) cf The system of equations described in the previous r= c-s -ac (28) section for boundary layer flow breaks down when the ( boundary layers on the two end-walls meet in the center of the channel, i.e., when 6 > h. In this case, the The density variation in the throughflow direction flow is said to be fully developed and the velocity can be obtained from a combination of the equation of profiles are assumed to be as shown in Fig. 2(b) .
state and the energy equation. Then, using the above The following assumptions are made for fully develrelations, the following equation for the variation of oped flow in addition to those already made for boundthe centerline radial velocity component results. ary layer flow. (1) The boundary layer equations, Eqs. (2) (29) the relative tangential velocity component and its Equation (29) together with Eqs. (23), (24), (27), corresponding exponent. However, as the fluid moves and (28) then forms a system of five ordinary differenfrom the relative frame of reference of the impeller tial equations in five unknowns (vrc, vec, m, n, (assuming a shrouded impeller) to the absolute frame and p) which can be solved using a fourth-order Rungeof the vaneless diffuser, a large shear occurs on the Kutta technique.
fluid as it attempts to decelerate from a velocity near the wheel speed to zero near the end-walls. Thus it is Separated Flow impossible to model the velocity profile in this region By examining Eqs. (19) and (27), it can be seen by a power law. Experimental data does show, however, that the radial velocity profile exponent, m, and that a velocity profile that can be approximated by a therefore also the shape factor, H 2 , will increase power law is quickly established. Experimental data rapidly if there is a large rate of deceleration or if also shows (4) that an exponent of n 0.1 adequately the flow angle becomes large. This usually means that describes the tangential boundary layer at the vaneless flow separation is imminent. A large deceleration rate diffuser inlet. The core flow tangential velocity com-* is caused by a rapid increase in flow area. A large ponent can then be obtained from a conservation of tanflow angle can be the result of the impeller design but gential momentum analysis. In any event, the initial will more often be the result of a low mass flow rate values of the exponents, m and n, do not have a large through the compressor. In the latter case, a large effect on the final solution. flow separation may occur in the vaneless space which For the case of fully developed flow entering the could precipitate compressor stall and subsequent surge vaneless diffuser, the same variables must be specified of the system. as for the boundary layer case with the exception of The methods outlined in the previous two sections the boundary layer thickness (which is equal to the for boundary layer flow, and fully developed flow, diffuser half-width, h). For this case, the value of could be used to calculate through a separated region as in Eq. (30) should also include the additional core of the flow. However, if this were done, large values flow loss due to a nonzero shear stress gradient at the of the velocity profile exponent, m, would be calcucenterline. The values of the other variables are then lated which would result in unrealistic velocity procalculated in the same way as for boundary layer flow. files. A possible way of treating this problem would be to assume a constant value for the exponent, m, Loss Calculation after separation. Separation could be determined by
The loss in a vaneless diffuser can be expressed examining the shape factor, H 2 , or the skin friction most easily and most rigorously by an increase in the coefficient, cf. The problem could then be treated mass-averaged entropy of the fluid. The mass-averaged in the inverse mode using either Eq. (19) for boundary entropy at a specified radius in the vaneless diffuser layer flow or Eq. (27) for fully developed flow to can be expressed determine the variation of free-stream radial velocity. However, since power law profiles cannot describe negative velocities which occur when the flow separates, 2P O (S -S2e) Vr21rr)dy it would probably be necessary to use some other formu- 
The entropy rise, as, in Eq. (30) should include the (s 3 -2) (5 --5 2e) -(5 ---e) (33) entropy rise due to the mixing of the impeller blade surface, boundary layers, wakes, and any other losses which are assumed to affect the impeller core flow.
where the values of (s s2&2 and (s -s2e) The values of 6 and m can only be obtained from are obtained by a numerical integration of Eq. 32) an analysis of the impeller end-wall boundary layers.
across the boundary layer. Since the total temperature Ordinarily the value of m should be on the order of in the vaneless diffuser is assumed to be constant 0.2 or 0.3 if there is no great deceleration of the everywhere, the mass-averaged total pressure ratio can be expressed The term on the right hand side of Eq. (35) is Head's The shape factor, H 1 , is defined by the expression entrainment function, F, and will be evaluated later. 6 -61S Since the density is assumed to be a function of radius H 1 _ (40) only, it comes out of the integral and the integrals 2S can be evaluated for the power law profiles of Eq. (1) which results in the following equation
De Ruyck and Hirsch (11) approximated this using the radial velocity components in the definitions of 61 1 dd + 1 dvre +1 dp + 1 1 dm F(l+m) and 62, thus w-T I+ m -r -cos re Tr re (36) Hi I (41) This is the form desired except for the density term.
H 2r
The density variation can be expressed in terms of the pressure variation for the isentropic core flow as Although Deruyck and Hirsch stated that Eq. (41) is follows good only for small angles, a, Davis (6) shows that the radial thicknesses, 6 1r and 6 ?r , are-the proper dp 1 dp . . . 
PRESENT ANALYSIS -----------------------

